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We have designed new conjugated copolymers, based on Phenylene-thiophene oligomers coupled with
the electron-rich carbazole (Cz) units. Different conﬁgurations have been studied via (3,6)-carbazole,
(2,7)-carbazole and (9N)-carbazole position linkage. Based on Density Functional Theory (DFT) and using
B3LYP method, the functionalisation with carbazole units deeply improve the electronic and optical
properties of the resulting compounds. Different characteristics, such as structural parameters, electronic
properties, HOMO-LUMO gaps, molecular orbital densities, ionization potentials (IPs), electronic afﬁnities
(EAs), reorganization energies (lhole and lelectron) and charge transport rate (khole/electron) are determined.
The lowest excitation energies and the maximal absorption and emission wavelength (lmax ABS, lmax EM)
are also underlined using the time-dependent density functional theory (TDDFT) method. The correla-
tion of these different results shows that the introduction of the carbazole unit in the chain backbone
improves the electron/hole transport proprieties and so enhances the performance of optoelectronic
devices based on these compounds.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
The emergence of organic electronic is deeply related to the
elaboration of new polymers with a high reproducible performance
[1,2]. Thus, the design of a new architecture of polymer is a chal-
lenge. Oligo (phenylene-thienylene) [3e5] and carbazole [6] have
been designed to show excellent performance for light emission
and electronic mobility [7]. In our previous work [8] and based on
the results obtained by A. Pelter et al. and R. A. Silva et al. [9], we
have studied nanostructured oligomers derived from phenylene
and thiophene motives via theoretical DFT study compared to
experimental data, in order to understand the relationship between
their structures and their corresponding electronic properties as
mentioned earlier. Based on these results, we show that oligomer
O3 (Scheme 1) exhibits the optimal properties such as high thermal
and chemical stability with good solubility in organic solvent [9],
and presents the lower energy gap (Eg ~ 2.99 eV) with a maximal
absorption (lmax ABS ¼ 453 nm) and emission (lmax EM ¼ 528 nm),
when compared to its homologue compounds. In this compound,
we demonstrate that the ‘‘S … O’’ interaction took place between.
B.V. This is an open access article uthiophene and alkoxy groups manifested by p-p stacking in the
solid state [10], yielding to the increase of conjugation length as
well as bathchromic red shift of absorption and emission
properties.
We have combined our theoretical calculation based on DFT
with available experimental results to describe the relationship
between structures and properties of these nanomaterials.
Furthermore, many studies show that carbazole units have
particular properties (high thermal stability, excellent photo-
physical and hole transport properties) [11,12]. In addition to
these, carbazole can be easily incorporated with other molecules.
Thus, many derivatives have been extensively investigated and
obtained through chemical modiﬁcation [13e15]. In this paper, our
strategy is to create a synergy betweenO3 and carbazole in order to
obtain a composite with the optimal properties of each oligomer.
The study is developed taking into account the position of grafting
of carbazole units ((3,6), (2,7) and (9N)).
Thus, the main goal of this paper is to elucidate the structur-
eeproperty correlation of these different compound architectures
(Schemes 2 and 3) using the DFT theoretical method. To our best
knowledge, there are few theoretical and experimental reports on
9N-carbazole end-capped oligo-thiophene-phenylene [16,17]
where their photo-physical proprieties are still less.nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Scheme 1. Chemical structure of oligomer O3.
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All molecular calculations were performed in the gas phase
using the density functional theory (DFT) method implanted in the
Gaussian (09) program package [18]. In the conformational part
(supplementary part), calculation was done by varying the torsion
angle by 20 steps between 0 and 180. The geometry optimiza-
tions of the electronic ground state S0 were carried out at the DFT
level [19,20]. With the hybrid B3LYP exchange correlation func-
tional [21,22] and the split-valence 6-31G(d) basis set [23], this
method has been found to be an accurate formalism for calculating
the characteristic parameters of many molecular systems [24]. The
determination of the singletesinglet excitation energies was car-
ried using the adiabatic approximation to the time-dependent
density functional theory (TDDFT) approach [25,26].
The theoretical transitional energies and the respective in-
tensities, with a given conﬁguration interaction (CI) expansion of
single excited determinants were determined [27]. The electronic
conﬁgurations for the lowest 50 singletesinglet transitions were
obtained by using the same basis set as in the ground state. Then,Scheme 2. Chemical structuthe obtained data were transformed using the SWizard program
[28] into simulated spectra as described in literature [29]. Finally,
the nature and the energy of vertical electron transition (the main
singletesinglet electron transitions with the highest oscillator
strengths) of molecular orbital's wave functions were presented.
The photoluminescence (PL) spectrum has been derived from CIS/
TDDFT calculation [30].
Moreover, in order to evaluate the Ionization Potential (IP) and
the Electronic Afﬁnity (EA), all compounds in cationic and anionic
geometry are fully optimized where their theoretical results are
compared to those of their ground states.
To gain more comprehension in this work, we elucidate the
reorganization energies of both holes and electrons to better
describe the transport phenomenon, the charge transfer process
and the exciton dynamic through recording the rate of transfer and
the radiative life time of these different architectures.
3. Results and discussion
3.1. Structural and geometrical parameters
The oligomer O3, as the main conjugate chain, is characterized
by a high planarity governed by “S … O” interaction. The torsion
angle is about 15, then the interring bond length is around 1.445 Å
(Table 1(a)).
As shown in Fig.1, the torsion angle q of different fully optimized
structures increase to reach 63 (Table 1(b)) compared to the one in
the case of pristine polycarbazole (38) [31]. This increase is
probably related to the steric hindrance between the hydrogen and
that of the alkoxy substituent.
In fact, for N-carbazole end-cappedp-conjugatedmolecules, theres of D-A compounds.
Scheme 3. Chemical structures of D-A-D compounds.
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conjugated backbone would result in a less planar molecule due to
the planarity character of carbazole unit. This fact is manifested by a
perpendicular orientation to the backbone chain, which maintains
the less value of the interring bond length of about 1.417Å between
oligomer O3 and carbazole unit. This decrease is attributed to the
size and the electro-negativity of the nitrogen atom.
These large dihedral angles could minimize the peaggregation,
and then the improvement of PL intensity [32], while, the structure
resulting from (3,6) coupling is more twisted than that of (2,7)
coupling. The different structural parameters (torsional angle and
inter-ring bond length) of the oligomer O3 is slightly changed after
functionalization with carbazole unit.
As shown in Table 2, the dipole moment of O3 ðmO3 ¼ 2:212 DÞ
is lower than that of all other carbazole-based oligomers. Particu-
larly, the (2,7) and (3,6) coupling structures present the high dipole
moment indicating the presence of a signiﬁcant charge transfer.
This effect is more pronounced in the case of D-A structures (a and
b).
3.2. Electronic properties
3.2.1. Energy levels
The energies of the HOMO in pristine carbazole is about
~ 5.03 eV from (Cz)3 to (Cz)4 which is lower than the values of
HOMO of all compounds under study [31]. For D-A-D architecture,
we note that HOMO of d, e and f are 4.78 eV, 4.50 eV and
4.57 eV, respectively. The HOMO of e is the highest amongst three
oligomers indicating that the carbazole groups in e have signiﬁ-
cantly improved the hole-creating properties of the compound.
Therefore, we can conclude that HOMO carbazole-based-compound increases compared to O3 oligomer, resulting from the
destabilization of HOMO levels, as well as the increase of hole-
accepting character accompanied with the decrease of the Ioniza-
tion Potential (IP). This phenomenon is accompanied with an in-
crease in the conjugation length and the structure planarity of all
compounds manifesting in a reduction of energy gap. In addition,
for D-A architecture in compounds (a and b), we note the increase
of the HOMO, as shown in Table 3, related to the improvement of
hole-accepting property in particular for (3,6)-coupling. Further-
more, we observe that HOMO (c) ¼ 4.71 eV > HOMO
(d) ¼ 4.78 eV, which indicates that the one side linked to the
monomer of carbazole destabilizes more the HOMO level than the
two other sides.
Compared to that of (Cz)4 (HOMO ~ 5.03 eV), it can be found
that HOMO in all the compounds (Table 3) is higher than the one of
oligo-carbazole. Consequently, the hole carrier can be injected
easily into these molecules.
The LUMO of the studied compounds follow the orders: O3
(1.63 eV) > e (1.64 eV) > f (1.74 eV) > d (1.78 eV) which in-
dicates the rise of the stability of LUMO for (9N) and (2,7) linkage
positions than that of (3,6). The improvement of electronic prop-
erties of the carbazole-based compound compared to oligomer O3
is related to the donor effect of carbazole unit regardless of the
position of linkage. Furthermore, LUMO of (Cz)4 is (~1.28 eV)
whereas it is stabilized by about 0.33 eV, 0.43 eV and 0.48 eV with
respective to a (~1.61 eV), b (~1.71 eV) and c (~1.76 eV)
respectively. This result indicates that the combinationwith charge
carriers or the enlargement of the conjugated backbone both lower
the LUMO energies. Therefore, d composite with higher AE seems
to have an important acceptor character. The order of the LUMO
energies of the oligomers is: a > O3 > e > b > c ~ f > d, indicating
Table 1(-a)
Optimized structural parameters, bond length (Å) and inter-ring angle () of: D-A
architecture.
Compound a b
State Neutral Cationic Anionic Neutral Cationic Anionic
Inter-ring bond length
C4eC7 1.468 1.457 1.450 1.467 1.454 1.455
C10eC12 1.445 1.421 1.416 1.444 1.419 1.423
C14eC17 1.444 1.417 1.413 1.443 1.417 1.419
C20eC22 1.465 1.442 1.440 1442 1.445 1.442
C1eC10 1.486 1.473 1.479 1.485 1.475 1.470
C20eC30 1.485 1.482 1.485 1.484 1.480 1.478
Inter-ring dihedral angle
41 16.4 01.2 04.2 16.3 00.3 04.4
42 15.7 00.2 01.3 11.9 00.2 00.2
43 16.0 00.1 01.1 15.5 00.3 00.4
44 12.7 00.4 09.3 11.2 01.1 04.1
q1 47.0 40.4 40.6 42.8 36.5 31.8
q3 38.5 37.2 38.5 37.9 35.3 33.4
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Consequently, this family of oligomers seems to represent good
hole-transporting materials due to the high value of HOMO level.
In Table 3, we collected the values of HOMO and LUMO energy
levels and the band gap energy (DE) deﬁned as DE ¼ ELUMO - EHOMO.
These different values are derived from the fully optimized struc-
tures of these oligomers. The computational results indicate that
the DE values of D-A-D or D-A decrease with the position of the
carbazole units, so the linkage in 2,7 and 3,6-position has an
important effect on the energies gap of compounds. All conﬁgu-
rations have a gap lower than O3, compared to (Cz)4 its ~ 3.75 eV,
showing that this coupling of O3 and Cz units indicates the sig-
niﬁcant effect of Cz on electronic properties. Thereby, the insertionFig. 1. Fully optimized structure of D-A architecture, O3 andof this electron donor groups elevates the HOMO and LUMO level.
As expected, the HOMOeLUMO gaps decrease in the sequence of c
(2.95 eV), a (2.92 eV) and b (2.88 eV) with different coupling po-
sition of carbazole ring attached to oligmer O3 backbone. The
HOMOeLUMO gap of b is the narrowest among these three
compounds.
Compound a and d have slightly the same gap ~2.90 eV which
implies that adding carbazoleto (3,6) or (9N) positions leads to the
same results. However, (2,7) leads to a lowered gap ~ 2.83 eV.
As shown in Fig. 2, we can observe a change of the band gap (DE)
and the disposition of different electronic levels especially in
(HOMO-n) levels for different oligomers. In addition, we note a
destabilization of HOMO and LUMO levels of compound a, e,
compared to oligomer O3, and a stabilization of HOMO and LUMO
level of b, d, c and f. Therefore, carbazole connecting in (2,7) or (9N)
lead to more stabilization of HOMO and LUMO level energy where
the band gap (DE) of all carbazole-based-compounds is signiﬁ-
cantly reduced.
From the energetic point of view (Fig. 2), the molecular orbital
energy of different compounds shows different trends while going
from a to f and reﬂect slight destabilization of the HOMOs and a
signiﬁcant stabilization of the LUMOs mainly for compounds f and
d resulting in a decrease in the LUMO-HOMO gaps. Furthermore,
increasing the number of carbazole ring for example by comparing
c and d we ﬁnd that the energies levels are resserent and tend
towards a continuum of energy similar to inorganic semi-
conductor. This phenomenon is accompanied with an increase in
the conjugation length and a reduction of the energy gap.
The effect of doping is seen in the anionic and cationic state. In
fact, a large reduction of energy gap DE ¼ ELUMO e EHOMO of all
compounds accompanied with a decrease in DE (1) < DE (þ1) < DE
(0). This effect is more remarkable in the case of compounds a and b
(D-A architecture) that have the lower gap in anionic stateD-A-D architecture using DFT/B3LYP/6-31G(d) method.
Table 1(-b)
Optimized structural parameters, bond length (Å) and inter-ring angle () of: D-A-D architecture obtained by DFT/B3LYP/6-31G(d) method.
Compound d e f
State Neutral Cationic Anionic Excited Neutral Cationic Anionic Excited Neutral Cationic Anionic Excited
Inter-ring bond length and dihedral angle
C4eC7 1.466 1.447 1.442 1.465 1.465 1.445 1.443 1.462 1.465 1.445 1.443 1.464
C10eC12 1.444 1.418 1.414 1.406 1.443 1.417 1.415 1.404 1.443 1.416 1.418 1.406
C14eC17 1.444 1.419 1.414 1.406 1.443 1.418 1.415 1.408 1.443 1.417 1.418 1.406
C20eC22 1.465 1.449 1.443 1.465 1.465 1.447 1.443 1.467 1.465 1.447 1.444 1.464
C25eC250 e e e e 1.486 1.476 1.480 1.503 1.485 1.478 1.475 1.504
C25eN250 1.417 1.403 1.424 1.440 e e e e e e e e
C1eC10 e e e e 1.485 1.475 1.479 1.502 1.485 1.477 1.474 1.503
C1eN10 1.418 1.402 1.424 1.440 e e e e e e e e
41 17.5 00.2 04.9 01.4 13.9 00.9 06.6 01.0 13.0 00.7 04.8 00.7
42 14.1 00.5 00.2 00.0 15.0 00.3 02.0 00.0 15.6 00.4 00.5 00.0
43 17.1 00.5 00.8 00.0 12.4 00.3 02.6 00.1 10.6 00.0 00.9 00.0
44 16.5 02.3 05.3 01.1 13.7 01.2 07.3 07.9 14.6 00.5 03.7 01.1
q1 55.9 55.0 66.3 60.7 44.0 39.9 38.3 46.0 44.5 41.3 36.7 45.7
q2 63.7 57.2 70.4 60.4 46.7 42.1 41.8 41.7 43.2 39.9 34.8 41.5
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electron enhances signiﬁcantly the planarity of the oligomers,
mainly for the compounds which have tow linked carbazole
monomer on one side either (2,7) or (3,6). We also note that the DE
(1) of f and e in the order of (0.78 eV and 0.90 eV) are slightly
higher than those attributed to a and b. However, they are lower
than DE (1) of c and d (1.13 eV and 1.17 eV). For the cationic state,
we ﬁnd a similar gap for e, f and d D E (þ1) ~ 2.34 eV whereas, the
lower gap is associated with a and b (2.05 and 2.15 eV). We can
deduce that the removal or the addition of an electron has an
important effect on the geometric and electronic properties,
certainly represents a useful result of the experience.3.2.2. Frontier molecular orbitals
The contour plots of HOMO and LUMO investigated at the DFT/
B3LYP/6-31G (d) level of the all compounds are shown in Fig. 3 at
ground and doped state (Fig. S2). It could be seen from Fig. 3 that
the electron density of HOMO is mainly localized on the thienyl-
phenyl rings of each compound and it is p -bonding orbitals. The
electron density of LUMO is mainly localized on the thienyl-phenyl
rings of each compound and it is p*-bonding orbitals. Thus, the
frontier orbital spreads over the whole p-conjugated backbone in
the oligomerO3 [33,34]. Therefore, p-electron delocalization on the
carbazole unit will be neglected.
The electron density of all doped oligomers is plotted in Fig. S2
(a) and (b) (supplementary part). This ﬁgure also illustrates the
variation of the electronic density of the tow orbital's HOMO and
LUMO. For the HOMO orbital in cationic state, the electronic density
is predominant in the extremities (on the carbzole motives)
compared to the center, whereas is spread over the p-conjugated
backbone (O3) in neutral state. For the LUMO in cationic state, we
observe an important electron density distribution on the main
conjugate chain with a weak distribution on the carbazole unit;
these remarks conﬁrm the conjugated character of the studied
oligomers. However, we observe a clear difference in electron
density distribution between A-D and D-A-D architectures in
anionic state.3.3. Ionization potential, electron afﬁnity and reorganization
energy
The calculated results are listed in Table 3, where we can note
that for d and e compound the energies required to create a hole in
these oligomers are around 5.51 eV and 5.25 eV, which are lower
than that in (Cz)4 (5.91 eV) (as well as in O3 (5.52 eV)). This resultsuggests that the hole injection and transportation of nitrogen-
linked oligo (2,7), (3,6) and (9N)-carbazoles are expected to be
easier than oligo-carbazole. In addition, the IP of the oligomers are
observed following: d > c > b > f > a > e, suggesting that the hole
injection and transportation of composite e is expected to be easier
than the others. Consequently, the charge carrier injection is better
in devices using this as an active layer.
On the other hand, the compound d and f has higher EA
respectively 1.08 eV and 1.01 eV (higher than that in (Cz)4 0.41 eV
and even for O3 (0.80 eV)). So, we deduce that it is easier to
transport electron from d and f than other compounds. These re-
sults demonstrate that f and e have more balanced charge injec-
tion/transport and efﬁcient charge recombination from one side
due to the benzene or thiophene and another side due to the effect
of linked carbazole position and number carbazole monomers [35].
We observe a dramatic reduction in the bond lengths from the
neutral state to anionic or cationic state. Consequently, quinoîdal
character structures lead to a good conjugation and a dramatic
reduction of gap and a better charge transfer in this state. It is noted
that in the neutral state the three structures of D-A-D architecture
have identical inter-ring bond. Then, in the cationic state, a simi-
larity of the bond lengths is observed only for f and e as C4eC7]
C20eC22 ~ 1.445 Å and C10eC12¼ C14eC17 ~ 1.417 Å. However, for the
compound d we note that C4eC7 ¼ C20eC22 ¼ 1.447 Å and
C10eC12 ¼ C14eC17 ¼ 1.419 Å which is slightly higher than that of e
and f. Therefore, in the anionic state, three structures are less planar
than the cationic state especially for the extremities angles
41 ¼ 44  4  7 for d, e and f but a good planarity in the center
of the chain and the thiophene monomers remain coplanar what-
ever oxidation state.
Also, we ﬁnd that cationic has a perfect planarity
41 ¼ 42 ¼ 43 ¼ 44 ¼ 0 for three compounds e, f and d. The
anionic structure is less planar, while the neutral state has an
appreciable torsional angle. To sum up, the structures of the
charged states tend toward more planar and rigid conﬁgurations.
In organic materials the charge mobility is often described by a
hopping model. This could be accounted for by the Marcus electron
transfer theory [36]. The inter-molecular transfer of hole and
electron are determined using the equation (1):
Mþ= þM*/M þM*þ= (1)
In this equation Mþ= indicates the molecule in a cationic or
anionic state. M is a neighboring molecule in a neutral state. The
potential energy curve of this reaction is shown in Fig. 4 (a). The
reorganization energy for hole transport (lhole) is given by l1 þ l2.
Table 2
Dipole moment m (Debye) of all structure, in ground and excited state.
Compound The dipole moment m (Debye)
Ground state Excited state
O3 2.212 3.791
a 3.354 2.658
b 2.816 2.823
c 3.324 3.197
d 2.109 2.753
e 2.476 2.803
f 2.592 3.016
Fig. 2. Electronic structure of different compounds under study.
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electron-transfer theory with Equation (2) [37].
khole=electron ¼
4p2
h
1ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
4plhole=electronkBT
q V2
 exp

 lhole=electron
4 KBT

¼ Aexp

 lhole=electron
4 KBT

(2)
➢ h: Plancks constant.
➢ kB: Boltzmann constants.
➢ T: temperature.
➢ lhole/electron: The reorganization energy for hole or electron.
➢ V: is the intermolecular electronic transfer integral between
neighboring molecules.
Accordingly, for an efﬁcient charge transport the reorganization
energy (lhole=electron) must be small. A good intermolecular elec-
tronic coupling between the neighboring molecules (V) [38] is also
necessary. The reorganization energy for hole transfer, lhole is the
sum of two contributions, l1 þ l2 that are deﬁned as:Table 3
HOMO, LUMO energy level, band gap, ionization potentials (IP), electronic afﬁnities (EA)
oligomers.
Compound O3a a b
HOMO(0) (eV) 4.62 4.54 4.60
LUMO(0) (eV) 1.63 1.61 1.71
DE(0) (eV) 3.00 2.92 2.88
HOMO(þ1) (eV) 7.44 6.51 6.65
LUMO(þ1) (eV) 4.89 4.46 4.50
DE(þ1) (eV) 2.55 2.05 2.15
HOMO(1) (eV) 0.05 0.03 0.26
LUMO(1) (eV) 1.44 0.23 0.27
DE(1) (eV) 1.39 0.26 0.54
IP (eV) 5.52 5.30 5.38
EA (eV) 0.80 0.82 0.97
l1 (eV) 0.202 0.133 0.125
l2 (eV) 0.163 0.168 0.153
l3 (eV) 0.263 0.204 0.111
l4 (eV) 0.214 0.179 0.125
l3 þ l4 ¼ lelectron 0.478 0.383 0.236
l1 þ l2 ¼ lhole 0.365 0.301 0.278
Neutral state: (0).
Cationic state: (þ1).
Anionic state: (1).
DE ¼ ELUMO-EHOMO (eV).
IP ¼ (E)cation e (E)neutre EA ¼ (E)neutre e (E)anion.
E: stabilization energy (eV).
l hole and lelectron: Reorganization energy for hole and electron.
a Reference [8].l1 ¼ E0

Mþ

 E0ðMÞ (3)
l2 ¼ E1 ðMÞ  E1

Mþ

(4)
where E0ðMþÞ and E0ðMÞ represent the energies of the neutral
molecule at the cation geometry and at the optimal ground-state
geometry, respectively, E1 ðMÞ and E1 ðMþÞ represent the energy
of the charged state in the neutral and optimal cation geometry,
respectively. Similarly, the reorganization energy for electron
transfer, lelectron, is also the sum of two contributions l3 þ l4 that
are deﬁned as:and reorganization energy for hole (lhole) and electron (lelectron) values of different
c d e f
4.71 4.78 4.50 4.57
1.76 1.87 1.64 1.74
2.95 2.90 2.86 2.83
7.15 7.00 6.77 6.87
4.72 4.63 4.43 4.53
2.42 2.36 2.33 2.34
0.07 0.28 0.13 0.30
1.06 0.88 0.77 0.47
1.13 1.17 0.90 0.78
5.50 5.51 5.25 5.32
0.88 1.08 0.88 1.01
0.168 0.157 0.141 0.127
0.190 0.179 0.171 0.168
0.193 0.190 0.193 0.157
0.165 0.165 0.163 0.133
0.358 0.355 0.356 0.290
0.358 0.336 0.312 0.295
Fig. 3. Contour plots of the molecular orbitals (HOMO, LUMO) of different oligomers under study in the neutral state.
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
M

 E0ðMÞ (5)
l4 ¼ E1 ðMÞ  E1

M

(6)
where E0ðMÞ and E0ðMÞ represent the energies of the neutralmolecule at the anion and at the optimal ground-state geometry,
respectively, E1 ðMÞ and E1 ðMÞ represent the energy of the
charged state at the neutral and optimal anion geometry respec-
tively. In terms of the above calculated model, the calculated
reorganization energy for hole and electron are also listed in
Table 3. Based on this electron-transfer model, the mobility of
electrons and holes should dominate with their respective
Fig. 4. (a) Potential energy curve of the inter-molecular transfer reaction between
neutral and cationic molecule, (b) hole/electron reorganization energy values for
compound O3-f.
Table 4
Main transition states, the corresponding assignments, wavelength and oscillator
strength, for all compounds, recorded with TD/B3LYP/6-31G(d) method.
Compound Electronic
transition
Wavelength
nm/Eg (eV)
Oscillator
strength (G)
MO/
character þ coefﬁcient
a S0/S1 476.2 (2.60) 2.2240 H-0/Lþ0 (þ98%)
S0/S2 372.2 (3.33) 0.0846 H-0/Lþ1 (þ56%)
S0/S3 324.5 (3.82) 0.4645 H-1/Lþ1 (þ62%)
b S0/S1 483.1 (2.57) 2.4826 H-0/Lþ0 (þ98%)
S0/S2 383.9 (3.23) 0.1515 H-1/Lþ0 (þ66%)
S0/S3 338.9 (3.66) 0.6933 H-1/Lþ1 (þ78%)
c S0/S1 470.4 (2.64) 1.9237 H-0/Lþ0 (þ99%)
S0/S2 361.7 (3.43) 0.0372 H-1/Lþ0 (þ67%)
S0/S3 322.8 (3.84) 0.1169 H-1/Lþ1 (þ87%)
d S0/S1 480.7 (2.58) 2.1925 H-0/Lþ0 (þ98%)
S0/S2 380.4 (3.26) 0.0163 H-2/ Lþ0 (þ49%)
S0/S3 335.5 (3.70) 0.1569 H-1/Lþ1 (þ88%)
e S0/S1 490.2 (2.53) 2.4392 H-0/Lþ0 (þ98%)
S0/S2 401.5 (3.09) 0.0188 H-1/Lþ0 (þ63%)
S0/S3 329.5 (3.76) 0.2426 H-1/Lþ1 (þ40%)
f S0/S1 495.1 (2.50) 2.6691 H-0/Lþ0 (þ98%)
S0/S2 386.9 (3.20) 0.0490 H-1/Lþ0 (þ66%)
S0/S3 338.0 (3.67) 0.3826 H-1/Lþ1 (þ84%)
Assignment: H: HOMO, L: LUMO, L þ 1: LUMO þ 1, etc.
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in Equation (2) which needs to be small for efﬁcient transport.
The reorganization energies for hole (or electron) transport of
compound O3e(f) calculated are also listed in Table 3. In order to
present a clearer picture of this framework, we reveal the variation
trends, the reorganization energies of compound O3e(f) are pre-
sented in Fig. 4 (b) lhole and lelectron of O3 are all higher than that of
molecules (a)-(f) indicating that the carbazole-based compounds
have superior electron and hole-transport performance. Based on
Equation (2), the larger the reorganization energies are, the slowest
transport rates of the electron or hole. The lhole are smaller than
their lelectron, for O3, a, d, c and e, which reveals that they show
better hole-transport performance. However, molecules b and f
show better electron-transport performance inferred from their
smaller lelectron, than lhole.
The lelectron of e is a little larger but its lhole is smaller than that
of d. This indicates that introducing carbazole on (3,6)-position on
each side (D-A-D architecture) of O3 inﬂuences greatly the hole
transport, but has slightly affected the electron transport rate of the
molecule. However, the lhole of a is slightly smaller than that of e,which indicates that A-D architecture promotes better the hole
transport than D-A-D for 3,6 connecting carbazole. Thus, the
carbazole unit can be used to modulate electron and hole transport
balance of the molecule.
Particularly, molecule f (0.295 eV) for lhole and (0.290 eV) for
lelectron demonstrate not only a fast but also a balanced electron/
hole transport performance for (2,7)-position linked carbazole for
D-A-D architecture. Whereas, compound c (lhole ¼ 0.358 eV and
lelectron ¼ 0.358 eV) show slow and balanced electron/hole trans-
port properties for (9N)-carbazole connected to one side of O3.
Furthermore, we note the similar values of lhole and lelectron for
compounds c and d.
By comparing compound a and b we observe the effect of tow
carbazole linkage position either on (3,6) or (2,7) linkage on the
same side on electron/hole transport rate, shows a good electron-
transport with a smaller lelectron ¼ 0.23 eV as well as a smaller
lhole ¼ 0.27 eV, than that of a and also than others compounds.
Thus, b seems to be a good-emitting material with high efﬁciency.
From Fig. 4 (b), we observe that the electron/hole reorganization
energy of the oligomers O3 and a are the highest ones 0.478 and
0.383 eV for lelectron and 0.365 and 0.358 eV for lhole for O3 and c
respectively, while those of the compounds b, f and e are relatively
smaller. Compound b, f and e can act as excellent emitting-layer
materials because their lhole and lelectron are small and the differ-
ence between them is between 0.005 and 0.004 eV. As a result, it
may be reasonable to suggest that these compounds are better for
transport.
3.4. Absorption properties
For a better understanding of the electronic properties of
carbazole-based compounds, the excitation energy as the ﬁrst and
second singletesinglet electronic transitions are recorded with
TDDFT method and labeled in Table 4.
It could be seen from Table 4 that all electronic transitions are
p/p* type and no localized electronic transitions are shown
among the calculated singletesinglet transition. We note also an
oscillator strength for S0/S1 attributed to HOMO/LUMO transi-
tion for all compounds leading to maximum absorption, whereas
the other transitions (H/ L þ 1, H1/ L þ 1) are obtained with
weak oscillator strength. As it is observed that the oscillator
strength depends mainly on the connecting position of carbazole
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The absorption spectra of compounds; a, b, d, c, e, and f mainly
showed two major absorption bands. In fact, an absorption band at
300e350 nm is assigned to the p/p* local electron transition of
the end-capped carbazole units and a broader absorption band is
provided at longer wavelength corresponding to the p/p* elec-
tron transition of the entire p-conjugated backbone. The absorp-
tion maxima of the latter p/p* bands of all compounds were
gradually red-shifted, having a high intensity with the connecting
position of carbazole rings as the extent of the p-conjugation sys-
tem in the oligomer increases as expected. Compounds; c, a, b, d,
and e show the longest wavelength absorptions at, 470 nm, 476 nm,
483 nm, 480 nm and 490 nm respectively, which were considerably
red-shifted in comparison to those of the corresponding carbazole
oligomers (Cz)4 (lmax ¼ 379 nm) [31]. For compounds d, e and f, we
note a maximum absorption wavelength at 480 nm, 490 nm and
495 nm respectively with a higher absorbance attributed to the f
compound, indicating that the (2,7)-Cz-coupling signiﬁcantly en-
hances the optical properties. Furthermore, the slight shift of
wavelength from c to d indicates the difference of carbazole con-
necting on one side or both sides.
Moreover, we observe a red-shift and an increase in the
absorption intensity in the order of O3/c/a/b, as shown in
Fig. 5(-a) and d/e/f as shown in Fig. 5(-b) which is consistent
with the estimation from the energy gap. Since the ﬁrst allowed
transitions are also the absorption maximum, they have the same
variation trend.Fig. 5. Absorption and Photoluminescence spectra of: (a) O3 and D-A architecture, (b)
O3 and D-A-D architecture.When we compare the compound d and N-carbazole end-
capped oligoﬂuorene-thiophene with three rings (compound 9)
[40], we remark that for compound (9) l max ¼ 430 nm (in dilute
CH2Cl2 solution) is less than l max ¼ 480 nm characteristic of
d compound. However, we think that the contribution of the
ﬂuorene substituents to the p-electron delocalization becomes
less signiﬁcant than alkoxy-phenyl substituted. As mentioned
earlier, the (Cz)2 absorbs entirely in the UV region (l
max ¼ 326 nm). Furthermore, the absorption band detected in the
UVeVis spectrum of ours compounds with maximum at
324e338 nm is attributed to p/ p* transition due to the presence
of Cz in the carbazole based compounds. Nonetheless, the optical
absorption spectrum of the O3 shows a broad band centered at
453 nm [8]. We also note that the band located in the range of
450e550 nm (in the UVeVis spectrum) of all compound is
attributed to p/p* transition due to the presence of the conju-
gated O3 moieties in the main chain of the different presented
architectures.3.5. Excited states and emission properties of new carbazole
derivatives
3.5.1. Structural properties at excited states
As shown in Table 1(b), we observe a decrease in Inter-ring
bond length between thiophene rings in oligomer O3, at ground
state 1.443 to 1.405 Å at excited state. That is, all molecules
become more planar and possess a quinoid character in their
lowest excited state [41]. We note the same inter-ring bonds
length almost for oligomers e and f, whereas we observe a less
value of C25eN250 and C1eN10 of compound d compared to those of
e and f. Furthermore, in the middle of the backbone all structures
tend to be more planar with dihedral angle about 4  1, while at
the tow side of the chain we ﬁnd almost the same values of angles
q at neutral state, which indicates the signiﬁcant steric effect on
geometrical properties. For example, compounds d and e present
an increase in the inter-ring distances by about 0.03 Å. Therefore,
we observe the same thing for the other compounds. In addition,
we can notice a slight reduction in dihedral angle by about 3 for
compounds d and e, while a decrease in inter-rings in the center of
backbone angle 4  1. Thus, O3 tends to be more planar; this
phenomenon is accompanied with an increase in conjugation
length.
The dipole moments demonstrate that oligomer c with a one
side of 9- carbazole linkage to O3 has better electron pushepull
ability both in the ground and ﬁrst-singlet-excited states and that
the pushepull ability in the ground state is stronger than in the
excited state. We can further predict that the electronic properties
of oligomer c will be easily inﬂuenced by their environment.
However, we observe a decrease in the dipolemoment for structure
d (mc ¼ 3:324D>md ¼ 2:109D); these results show that the polar-
ization in D-A-D architecture is lower than that in A-D architecture
for 9-coupling carbazole unit.
For other structures, we observe for D-A architecture (a, b, and
c) a higher value of the dipole moment in both ground and excited
state. The compound a indicates the great improvement of elec-
tronic delocalization in 3,6ecarbazole coupling than that of 2,7 and
9 linkage. However, the D-A-D architecture (e and f) structure 2,7
coupling on two sides of O3 seem more interesting in dipole
moments.3.5.2. Exciton binding energy
This binding of samples which is an important factor for the
electroluminescence quantum efﬁciency of OLEDs [42,43] can be
determined by the following equation:
Table 5(-a)
Calculated maximum emission wavelength (lmax EM) and radiative live time (tR) and Stokes Shift of : O3 and D-A architecture.
Compound Electronic transition l max EM (nm) Emission energy (cm1) Oscillator strength (f) Assignment Life time tR(ns) Sokes shift (nm) Eb (eV)
O3 S1/S0 528.8 18.9 0.1233 H-0/Lþ0 (þ57%) 17.5 75.8 0.66
S2/S0 302.3 33.1 0.0069 H-1/Lþ1 (þ81%)
a S1/S0 534.9 18.7 2.3207 H-0/Lþ0 (þ99%) 0.92 58.7 0.61
S2/S0 303.1 33.0 0.3217 H-2/Lþ2 (þ40%)
b S1/S0 537.7 18.6 2.5112 H-0/Lþ0 (þ99%) 0.86 54.6 0.58
S2/S0 325.9 30.7 0.9589 H-1/Lþ1 (þ88%)
c S1/S0 533.7 18.7 2.1007 H-0/Lþ0 (þ99%) 1.01 63.3 0.63
S2/S0 299.0 33.4 0.0382 H-2/Lþ1 (þ78%)
Sokes shift: Dlstokes ¼ lmax EMlmax ABS.
Eb ¼ DЕLH  ЕFlu.
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➢ DЕLH ¼ ЕLUMO  ЕHOMO.
➢ ЕFlu ¼ 1240lEmimax .
As shown in Table 5 a and b, all Compounds have large exciton
binding energy in the range 310e640 meV (Eb[kBT ~25 meV at
room temperature) implying that they certainly allow the forma-
tion of exciton even at room temperature after excitation and
leading to higher ﬂuorescence quantum efﬁciency after recombi-
nation in OLEDs.
3.5.3. Emission properties
TDDFT//B3LYP/6-31(d)G has been used for optimized structures
on an excited state to simulate the emission spectra of the com-
pounds under study where the ﬁrst singlet excited states are listed
in Table 5 (a) and (b). Similar to the absorption spectra, S1/S0
ﬂuorescence peaks in emission spectra (Fig. 5 (a) and (b)) has the
largest oscillator strengths in all molecules and exclusively arises
from LUMO/ HOMO.
After the functionalisation of the carbazole units, the resulting
composite shows red shift in the emission spectrum with a sig-
niﬁcant increase in the oscillator strength (Table 5 a and b). These
carbazole units are manifested by important emission properties.
The emission spectra (Fig. 5(-b)) show a red shift in the following
order: O3 (l max ¼ 528.1 nm) / d (l max ¼ 546.6 nm) / e (l
max ¼ 547.9 nm)/ f (l max ¼ 554.3 nm). The last compound (f) has
the highest oscillator strength compared to all other compounds.
While, the maximum of principal peak of the compounds a, b and c
is located on 533e537 nmwith the samewidth is slightly shifted to
the red compared to oligomer O3 (Fig. 5(-a)). We note a second
band located at 300e325 nm at lower wavelength attributed to the
presence carbazole motives.
On the other hand, we notice that the (3,6) and (2,7) position
linkage of carbazole are more interesting in intensity and shows an
enhanced emission compared to N-carbazole linkage. The compu-
tational results of these compounds yield the Stoke shift values,Table 5(-b)
Calculated maximum emission wavelength (lmax EM) and radiative live time (tR) and Sto
Compound Electronic transition lmax EM (nm) Emission energy (cm1) Oscillat
d S1/S0 546.6 18.3 2.3727
S2/S0 334.7 29.9 0.0900
e S1/S0 547.9 18.3 2.5506
S2/S0 321.4 31.1 0.3316
f S1/S0 554.3 18.0 2.7360
S2/S0 327.3 30.6 0.5005
Assignment: H: HOMO, L: LUMO, L þ 1: LUMO þ 1, etc.described as the difference between lmax of emission and that of
absorption. Their values are about 65.9, 57.7 and 59.2 nm for the
structures d, e and f respectively. Among them, the d compound
has a relatively high Stoke shift value indicating that electron
transition breaks the strong conjugative effect and leading to
remarkable changes in the C25eC250 and C1eC10 bond lengths and a
large reorganization energy, as discussed above. Also, the small
stokes shifts ranging from 54 nm to 65 nm are ascribed to a small
geometry distortion from a ground state to an excited state of these
composite.
The radiative lifetimes have been computed for a spontaneous
emission using the Einstein transition probabilities according to the
following formula [44]:
tR ¼
C3
2ðEFluÞ2f
(8)
where c is the speed of light, EFlu is the excitation energy, and f is
the oscillator strength. The computed lifetime tR for the title
compounds in the gas phase are listed in Table 5 a and b. The short
radiative lifetimes lead to a high light-emitting efﬁciency, while
long radiative lifetime facilitates the electron and energy transfer.
The radiative lifetime of compounds is shorter with increased
oscillator strength, leading to an increase in the luminescent efﬁ-
ciency. The emission lifetime (tR), calculated for spontaneous
emission using equation (8), was also listed in Table 5 a and b. These
values follow the following order: O3 > c > d > a > e > b > f. This
fact indicates that introducing a carbazole unit decreases strongly
the lifetime emission of the composite, especially for compounds e,
b and f; we ﬁnd the highest oscillator strength and the smallest
lifetime radiative. Consequently, they should be good-emitting
materials with a high efﬁciency [45].
4. Conclusion
In this work, the photo-physical properties of series of new
functional carbazole derivatives are investigated through the DFT
and TD/DFT computational study. The gap energy decreases versus
the linking position of carbazole and the oligomer chain length.
Moreover, lmax as well as optical absorption or emission intensitieskes Shift of : D-A-D architecture.
or strength (f) Assignments Life time tR(ns) Sokes shift (nm) Eb (eV)
H-0/Lþ0 (þ99%) 0.94 65.9 0.64
H-1/Lþ1 (þ74%)
H-0/Lþ0 (þ99%) 0.88 57.7 0.31
H-1/Lþ1 (þ89%)
H-0/Lþ0 (þ99%) 0.84 59.2 0.59
H-1/Lþ1 (þ89%)
A. Hlel et al. / Computational Condensed Matter 3 (2015) 30e4040increase as a function of the coupling position of Cz and chain
length whether on (2,7) or (3,6) or (9N) position. Extending the p-
conjugation length between electron donor (Cz) and acceptor (O3)
induces the increase in hole/electron injection ability of the com-
posite but also the improvement of its carrier transport balance.
According to the computational results of the reorganization en-
ergies (l), it can be concluded that b, f, e and a compounds are good
hole-transporting materials, whereas b and f compounds are good
electron-transporting materials, f and c compounds are materials
with a balanced electron and hole transport respectively. Particu-
larly, b and f compound possess small electron/hole reorganization
energies through to (2,7)-position connecting carbazole. Therefore,
b and f are the best hole/electron transportingmaterials. Also, these
materials show the biggest oscillator strength values in absorption/
emission and possess the smallest gap energy value, added to their
smallest radiative lifetime. Motivated by these results, the synthesis
of these different copolymers is undertaken in our laboratory, in
order to, ﬁrstly, complete these results, secondly, to give a deep
description of the relationship between structure and properties
and ﬁnally, to test the optimized oligomer in organic devices.
Appendix A. Supplementary data
Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.cocom.2015.02.001.
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